an introducer and as a channel to rapidly inflate the balloon once it is placed into the uterine cavity. [7] [8] [9] [10] Prior to the advent of balloon tamponade devices specific for the uterus, multiple balloon devices designed for use in the esophagus and/or stomach were reported successful when deployed for PPH management. 8, 11 More recently, balloon tamponade devices have been specifically designed for intrauterine application, such as the BT-Cath, the ebb Complete Tamponade System (ebb), the Rusch UBT, and the Bakri postpartum balloon catheter (Bakri) among others. [12] [13] [14] [15] [16] [17] [18] While reports on patient outcomes associated with commercial UBT devices are encouraging, their high cost (up to $ 400 USD) is a barrier to implementation across resource-poor settings. 13 An improvised condom-catheter UBT is an alternative to a commercial UBT device. In improvised UBT devices, a condom is secured near the tip of a Foley catheter and inflated with water or saline via either gravity or a syringe. These devices require assembly; however, their low cost of materials makes them attractive options for resource-poor settings. [19] [20] [21] [22] [23] Reported rates (75-94%) of hemorrhage arrest among women that received commercial or condom-catheter UBTs have been encouraging. 7, 13, 24, 25 While condom-catheter UBT devices can be improvised with available materials, it is often difficult to find what is needed in a timely fashion during a PPH emergency. 26 Component specifications affect the efficacy and ease of use of assembled condom-catheter UBT devices. For example, if a device is inflated using a 10cc syringe, it will take at least 50 injections to instill 500 cc. If there is any leak on instillation (invariable with improvised UBTs), adequate fill of a condom uterine balloon may require as many as 100 injections. The "Every Second Matters for Mothers-Uterine Balloon Tamponade" (ESM-UBT) device is a condom-catheter balloon tamponade device designed in 2010 by the Massachusetts General Hospital Division of Global Health Innovation (formerly the Division of Global Health and Human Rights) in the Department of Emergency Medicine to optimize safety, efficacy, and ease of use (►Fig. 1A). ESM-UBT devices are packaged in kits comprised of seven components (►Fig. 1B) and an instruction card (►Fig. 1C): 21, [27] [28] [29] To-date, over 1,000 ESM-UBT devices have been placed in women with uncontrolled PPH in Kenya alone with survival rates of 95% overall. If placed prior to advanced shock, survival rates approach 100%. 26, 28 Although several studies have demonstrated the safety and clinical efficacy of ESM-UBT devices in individual cases, the mechanical properties of ESM-UBT devices are not well understood. The aim of this study was to provide a comprehensive evaluation of the mechanical properties of ESM-UBT devices.
Methods

ESM-UBT Kit Components and Assembly of the Device
To assemble an ESM-UBT device, a condom (latex, lubricated, LifeStyles, NJ) is rolled out in its entirety and placed over the tip of a Foley catheter (silicone, retention catheter, 24 French 5cc balloon, sterile, Dover, MN) to cover the un-inflated Foley catheter balloon. The condom is secured 1 cm proximal to the uninflated Foley catheter balloon (►Fig. 1D) using an O-ring (Kraton polymer, 5/8" ID, Sheathes, CA). The O-ring is twisttied four times to establish a secure condom-catheter connection (►Fig. 1E). A Luer lock (DirectMed, NY) is placed into the proximal end of the drainage lumen of the Foley catheter with the female connector of the Luer lock exposed. A 60 mL syringe is attached to the Luer lock and fills the condom uterine balloon. An antiseptic PVP Iodine (Povidone Iodine 10% prep pad, Dynarex, NY) pad is used to wipe the surface of the assembled device. The complete ESM-UBT device assembly is illustrated in ►Fig. 1F.
Evaluation of the ESM-UBT Device Integrity
Evaluation of the Foley Catheter Balloon
Diameters of Foley catheter balloons after inflation, burst volumes, and intraluminal pressures (ILP) were evaluated using a pressure vacuum meter (DigiMano 1000, Netech Corporation, Farmingdale, NY) and dial caliper (Mitutoyo America Corporation, Series 505, IL). Foley catheter balloons were filled to 90 mL of normal saline or until they burst. Diameters and ILPs were recorded after every 5 mL of normal saline instillation.
Evaluation of the O-Ring Secured Attachment of the Condom Uterine Balloon to the Foley Catheter
Tensile tests were performed to assess the strength of the Oring secured attachment of the condom uterine balloon to the Foley catheter. Assembled ESM-UBT devices were subjected to tensile stresses using a PARAM XLW (EC) Auto Tensile Tester. Tensile loads were increased at a crosshead speed of 100 mm min À1 until detachment. Maximum tolerated loads and elongations were recorded.
Evaluation of the Condom Uterine Balloon in Open Air
Condom uterine balloons' pressures after inflation, diameters, and burst volumes were evaluated. Condom uterine balloon ILPs were measured using the pressure vacuum meter. After the pressure meter was connected to ESM-UBT devices with connection tubing and two stopcocks (►Fig. 2A), Foley catheter balloons were inflated with 15 mL of normal saline and left inflated throughout the experiment. One thousand two-hundred mL of normal saline was injected into the condom uterine balloon in 50 mL increments. At each step, the ILPs of the condom uterine balloons were measured and the maximum diameters recorded using the dial caliper. Once 1200 mL was instilled no further ILP or pressure measurements were performed. ESM-UBT condom uterine balloons were filled to 5,000 mL or until they burst.
Evaluation of the Condom Uterine Balloon in Simulated Situations
Uterus models were engineered to mimic shapes of uteri. [30] [31] [32] [33] Three uterus models were fabricated out of aluminum with cavity volumes of 100, 250, and 500 mL and circular openings created to resemble cervical orifices. ESM-UBT condom uterine balloons were placed in the rigid uterus models to evaluate the integrity of the device when subjected to high ILPs. The ILPs generated in these experiments were designed to be intentionally higher than ILP previously measured in UBT devices placed in women to stress the ESM-UBT device in a worst-case scenario. The average postpartum human cervical lip diameter is 1.81 cm (range from 0.50 to 4.21 cm); therefore, simulated cervical diameter openings in the uterus models were set at 1.5, 2, and 2.5 cm, respectively 34 (►Fig. 2B and C). Uterus models were positioned with the openings downward to simulate a worst-case scenario vulnerable to expulsion of the ESM-UBT device. Condom uterine balloons were placed inside uterus models after assembly of the pressure meter system. Foley catheter balloons were inflated with 15 mL of normal saline and maximum volumes of normal saline were instilled into the condom uterine balloons. Maximum volumes were defined as the volumes above which the condom uterine balloons spilled from the uterus model's simulated cervical opening. ILPs of condom uterine balloons were recorded every hour for 4 hours. ESM-UBT device integrities were recorded throughout the experiments.
Statistical Analysis
The following formula was used to calculate sample size to gain 90% reliability and 95% confidence:
A sample size of 28 was used for every experiment with a unique variable (e.g., each uterine size). Results were represented as means AE standard deviations. Error bars represent the standard error of mean. 
Results
Evaluation of ESM-UBT Foley Catheter Balloons
Evaluation of the O-Ring Secured Condom Uterine Balloon Attachment to the Foley Catheter
The maximum elongation and force at the point of failure of the condom-catheter connections were 35.8 AE 2.1 cm and 15.1 AE 2.1 N, respectively (►Fig. 4A and B). With the further addition of normal saline, condom uterine balloons expanded at a more modest rate in a linear fashion. Maximum recorded diameters were 126.6 AE 5.7 mm at 1200 mL volume of normal saline. None of the condom uterine balloons burst with 5000 mL of saline (►Fig. 5B).
Evaluation of ESM-UBT Condom Uterine Balloons in Open Air
Evaluation of ESM-UBT Condom Uterine Balloons in Simulated Situations
The volumes of normal saline tolerated by ESM-UBT devices prior to expulsion were 20 to 30 mL less than the volumes of the uterine cavities (►Table 1). ILP of 363.6 AE 74.7, 399.9 AE 78.1, and 436.5 AE 87.0 mm Hg were observed at maximum (threshold) filling volumes inside the 100, 250, and 500mL uterus models, respectively (►Table 1 and ►Fig. 5C). After inflation, condom uterine balloons gradually pushed out through the openings. This phenomenon led to a gradual decrease in the ILP. Pressures decreased by 21.1, 22.9, and 21.3% in the first hour; 8. 6, 9.4, and 11 .5% in the second hour; and 9.7, 7.1, and 7.7% in the third hour in the 100, 250, and 500 mL uterus models, respectively. Pressures decreased at approximately the same rate in all three-uterus models (►Fig. 5C). Throughout the 3-hour experiment ESM-UBT devices experienced no leakage and they maintained full integrity of their components. No ruptures were found in any ESM-UBT devices after deflation, removal, and inspection.
Discussion
Uncontrolled PPH is a significant cause of maternal death and disability worldwide. 35, 36 However, in resource-limited settings, commercial UBT devices are often not affordable. Reliance on skilled birth attendants to improvise UBT devices is fraught with suboptimal equipment, delays in device assembly, and poor uptake by providers across health systems. 21, [27] [28] [29] The ESM-UBT device was designed to overcome each of the challenges posed by commercial and improvised UBT devices. This study demonstrates that ESM-UBT devices maintain their pressures and integrity over the course of a series of experiments designed to stress and evaluate the ESM-UBT system.
When a woman is hemorrhaging from an atonic uterus, an ESM-UBT device is rapidly assembled and the distal end guided through the cervix and into the uterus either by a blind digital approach or via placement using a speculum and instruments. Although there is no evidence to support the practice, experi-enced OB/GYNs frequently describe that installation of 15 mL fluid into the Foley catheter balloon immediately after placement of an ESM-UBT device helps seat the uterine balloon in the posterior uterus and decreases the likelihood of unwanted expulsion. In our laboratory simulations, Foley catheter balloons expanded (34.1 AE 0.7 mm) beyond the average postpartum cervical orifice (6.6 AE 3.6 mm) opening size after instillation of 15 mL of saline (►Fig. 3A). These findings support clinical reports that Foley catheter balloons decrease the likelihood of inadvertent expulsion. Additionally, while a common past practice has been to use only an inflated Foley catheter balloon in attempts to arrest postpartum atonic uterine hemorrhage, our study demonstrates that although Foley catheter balloons are reliably able to expand to 30 cc, they may burst at greater volumes and consequently are not able to provide a desired tamponade effect. 37 Improvised UBTs are most commonly created by tying a condom to the distal end of a Foley catheter with twine or suture material. Both techniques are subject to considerable user variability and in the authors' experience condoms frequently slip off their Foley catheters when tied. To address this, ESM-UBT devices were designed with a standard method of securing condom uterine balloons to Foley catheters using four twists of a unique O-ring. In tensile tests, the force required for failure (15. Although condoms are used worldwide to address uterine hemorrhage it is unknown whether condoms can completely conform to uterine cavities of varying size and shapes and withstand pressures necessary to maintain hemostasis. The pressure exerted by water-filled condoms on the uterine walls and their burst volumes are also unknown. In our experiments, 500 mL of normal saline expanded a condom uterine balloon's diameter to 88.1 AE 3.8 mm and entirely filled the simulated post-delivery uterine cavities (►Fig. 5A). 30, 31 Skilled birth attendants are trained to instill saline into a UBT until bleeding ceases. 7, 8, 38 The ESM-UBT device's condom uterine balloon diameter increases linearly with increasing amounts of saline and therefore allows for a smooth escalation of pressures against the endometrium surface (►Fig. 5A). Open air tests of ESM-UBT devices demonstrated that with 200 and 500 mL of saline, condom uterine balloons achieved and maintained pressures (>10 mm Hg at 200 mL) comparable to premium commercial devices. 8 Furthermore, while many commercial UBT devices are limited in size between 500 and 1,000 mL, in the authors' experience, some women require uterine balloon volumes as much as 1,250 mL to arrest their hemorrhage after delivery of multiple newborns. None of the ESM-UBT device condom uterine balloons burst with volumes 5,000 mL of saline.
To assess whether ESM-UBT condom uterine balloons maintain their integrity during clinical use, anatomically correct aluminum uterus models were engineered to simulate real-life uterus dimensions. The rigid nature of the aluminum uterus models forced the condom uterine balloons into a worst-case scenario where the ILPs were greater than what would occur in an actual uterus. The finding that there were no losses of structural integrity in any of the tested devices supports the reliability of the ESM-UBT device for use in the clinical setting of PPH. 9, 39, 40 While the models and open-air experiments in this study strongly suggest that ESM-UBT devices are durable enough to withstand pressures beyond those expected during clinical use, ILPs of ESM-UBT devices in actual uteri were not measured. Further studies are needed to better understand in vivo ILPs. Our study did not attempt to shed further light on the various theories on how UBTs work; therefore, further investigation is required to more clearly identify the role of pressure and other potential mechanisms of action of UBT devices.
Conclusion
The unique mechanical properties of the ESM-UBT device make it attractive for scale across resource-poor settings.
